ABSTRACT A UHF radio-frequency identification (RFID) indoor positioning system based on phase difference is presented in this paper. An additional auxiliary tag and the target tag make up a double tag array to eliminate the phase ambiguity. To quantify the phase offset caused by the interference between tags, a mathematical model is built. Based on the double tag array and the interference model, a hyperbolic positioning algorithm, combining the genetic algorithm, is implemented to improve the positioning accuracy. Compared with other RFID positioning systems, the proposed system achieves a better positioning accuracy of 0.2217 m.
I. INTRODUCTION
Radio frequency identification (RFID) is an automatic identification technique, which mainly consists of a reader and RFID tags to implement non-contact communication via backscattering of radio frequency signals. As the advantages of low cost, small size and fast reading speed, RFID-based positioning technique has attracted the attention of many researchers in recent years.
The early RFID positioning systems were mostly based on the received signal strength (RSSI), obtained directly by the relationship between fading and propagation distance of the signal in free space. The introduction of the reference tag improves the accuracy of RSSI based positioning [1] , [2] . Besides, many RSSI-based RFID positioning optimization algorithms have been proposed [3] - [10] and extended to the three-dimensional positioning [11] , [12] . However, the accuracy of RSSI based positioning algorithm is limited because RSSI is susceptible to environment.
Compared with RSSI, phase information is more stable in indoor scenes. Phase based RFID positioning algorithm determines the distance from the reader to the tag by the phase The associate editor coordinating the review of this manuscript and approving it for publication was Chong Han. changes of the transmitted signal and the received signal. However, phase based algorithm could not directly reflect the distance due to the cyclical effects. Phase unwrapping techniques such as Chinese remainder theorem(CRT) [13] and phase difference (PD) algorithm [14] are used to eliminate phase ambiguity. Some special devices are introduced to obtain the PD in [15] and [16] . Multi-frequency algorithms are used to improve positioning accuracy in [17] and [18] . However, the feasibility of multi-frequency PD algorithms is limited by bandwidth and dispersive properties [19] . In [20] , the PD is obtained by antenna array. However, the contradiction between the antenna spacing requirement and the size of the antenna is difficult to solve. A mobile antenna is used to simulate antenna array in [21] , but it requires additional mechanical equipment. Therefore, the way to eliminate phase ambiguity needs to be improved. What's more, the measured phase would be affected by tag-to-tag interference in a multi-tag environment, which is generally ignored in previous phased based positioning systems [22] . Synthetic aperture RFID systems that track mobile RFID tags have been proposed [23] - [25] , but the disadvantages of such algorithms are that they could not locate the fixed RFID tags.
In this paper, a phase based RFID positioning algorithm only with the double tag array (DTA) is presented.
DTA brings in an additional auxiliary tag to eliminate phase ambiguity, which is a simple, efficient and low cost implementation. Adjacent tags would interfere the phase with each other, resulting in an offset of the measured phase. A phase interference model between tags is also proposed in this paper to quantify this kind of phase interference. Based on the interference model, a hyperbolic positioning algorithm for locating DTA, combined with the genetic algorithm, is implemented to eliminate the effect of the phase interference between tags and improve the computational efficiency.
This paper is organized as follows. The operating principle of the phase based RFID positioning is introduced in section II. Section III discusses the phase interference model between tags. The DTA positioning algorithm is presented in section IV, and it is implemented and evaluated in section V. Finally, section VI concludes our work.
II. DOUBLE TAG ARRAY A. OPERATING PRINCIPLE
The phase change of the transmitted signal and received signal is referred to as the phase value of the backscattered signal, which can be reported by most COTS RFID readers. In a passive backscatter system, the signal arrives at the tag from the reader and returns back to the reader by backscattering. The total propagation distance is 2d prop . The propagation of the signal in space causes a phase rotation prop . Assuming that the phase of the transmitted signal is t , the phase of the received signal is k , and the propagation time is t. Due to periodicity, the phase rotation caused by the propagation in free space can be expressed as prop +2kπ = k − t . The relationship between prop and propagation distance d prop can be expressed as:
where f is the carrier frequency. In addition, the transmitting and receiving circuits of the reader, as well as the tag antenna, will introduce some additional phase rotation, represented by φ R , φ T and φ TAG , respectively. Therefore, the total phase rotation can be expressed as:
where φ R and φ T can be referenced from the reader manual, which represent the characteristics of the reader itself. According to Eq. (2), the measured phase and the propagation distance have a periodic linear relationship, which is the principle of phase-based RFID positioning. In one period, the phase value can directly reflect the change of the distance. However, if the range of one period is exceeded, phase ambiguity will occur. The working frequency that the reader used is between 865MHz and 956MHz. According to Eq. (1), the effective distance ranges from 15.7cm to 17.3cm, which cannot meet the requirements of indoor positioning.
Several PD algorithms are used to eliminate phase ambiguity, such as multiple frequencies algorithm [17] and multiple antennas algorithm [19] . However, the narrow available frequency band limits the feasibility of multi-frequencies algorithm in practice. And in the multi-antennas algorithm, due to the size of the antenna, the spacing of the antennas cannot meet the requirements, so a feasible area must be set. In addition, the placement of the antennas is limited, as they must be placed parallel to each other in a line, which reduces the positioning area.
To eliminate phase ambiguity and avoid the problems above, an additional auxiliary tag is used to form DTA and obtain PD for positioning in this paper. The phase ambiguity can be eliminated by limiting the tag spacing within a quarter of the wavelength according to the triangle constraint, then the distance difference d can be uniquely determined by the measured phase difference of the two tags. Due to the symmetry, the additional auxiliary tag can be seen as introducing an additional virtual antenna. At the same time, the size of the tag is small, so the spacing constraint can be easily met. Besides, there is no limitation on the placement of the antenna in this algorithm, so that the antenna can be placed around the positioning scene to improve the reading range. The positioning algorithm using the PD of DTA is proposed in Section IV. To simplify the following description of the article, some concepts would be defined.
1) DOUBLE TAG ARRAY
DTA refers to a combination of two top-aligned tags on the same plane, and this tag combination is perpendicular to the ground. The type of the tag formed the tag array is ALIEN 9654. Since the shape of the tag is asymmetrical, in order to minimize the influence, the positional relationship of the two tags in three-dimensional space needs to be consistent, including the front direction, the top direction and the left-right direction of the tag. The form of DTA is shown in Fig. 1 . The tag on the left side of the tag array serves as the target tag to be located, and the tag on the right side of the tag array serves as the introduced auxiliary tag. The spacing between two tags d is defined as the distance from the geometric center of one tag to the geometric center of another tag, and d is a fixed value. 
2) DEFLECTION ANGLE
Assuming that DTA is located in a plane rectangular coordinate system, as shown in Fig. 2 , where T 1 is the target tag and T 2 is the auxiliary tag. The angle between the line connecting them and the positive direction of x-axis is called the deflection angle σ of DTA in this paper.
B. THE CHALLENGE OF DTA 1) PHASE INTERFERENCE BETWEEN TAGS
According to measurement results, the two adjacent tags will interfere with each other. In order to satisfy the triangular constraints, which is important to eliminate phase ambiguity, d in the tag array must meet a certain condition (d < λ/4). The phase interference between tags is almost inevitable and cannot be ignored in this case.
2) UNKNOWN DEFLECTION ANGLE
Differences in antennas at known positions, the direction of the tag array in the scene may be unknown. Therefore, in addition to the position of the target tag, the deflection angle σ in DTA becomes an unknown factor that needs to be solved in the tag array positioning.
III. PHASE INTERFERENCE MODEL
As mentioned, adjacent tags are handicapped by phase interference between each other in the actual phase measurement. There are no previous works in this area unfortunately. Therefore, the influence factors and basic laws of phase interference between tags by means of experimental measurement should be studied, and a phase interference model between tags is proposed in this section.
A. INFLUENCE FACTORS
In a two-dimensional positioning scene, the significant variables in the two tags of DTA and the antenna include:
1) the distance from the interfered tag to the antenna, denoted as D; 2) the angle of incidence of the tag to the antenna, which is called antenna Angle in this paper and denoted as θ ; 3) the angle formed by the interference tag, the interfered tag, and the antenna, called interference Angle and denoted as ϕ; 4) the spacing between the interference tag and the interfered tag, denoted as d. These four variables are shown in Fig. 3 . In Fig. 3 , T 2 acts as the interference source, that is, the interference tag, and T 1 is the interfered tag. The experiment analyzes how the influence factors affect the phase interference between tags by observing the influence of T 2 on the phase measurement of T 1 . An Impinj R420 reader and two ALIEN 9654 tags were used in the experiment, which was implemented in an open indoor environment.
B. EXPERIMENT AND RESULT ANALYSIS 1) RELATIONSHIP TO D
Assuming that the phase offset of T 1 due to the interference of T 2 is related to the distance D between the interfered tag and the reader antenna. Place a set of ALIEN 9654 tag arrays on the X-axis and a reader antenna at the origin of coordinates, keep the tag spacing and antenna angle constant (d = 0.05m, θ = 0 • ), then gradually increase the distance from the tag array to the antenna and record the phase change of T 1 when D increases under four interference angles Fig. 4(b) . It is obvious that the phase offset does not significantly change with increasing D at any interference angle. Therefore, it can be concluded that there is no significant relationship between D and the phase interference between tags.
2) RELATIONSHIP TO θ
Assuming that the phase offset value of T 1 due to the interference is related to antenna angle θ . Place a set of ALIEN 9654 tag arrays on the X-axis and a reader antenna at the origin of coordinates, keep d and D constant (d = 0.05m, D = 0.5m), then gradually change the antenna angle and record the phase change of T 1 when θ change under four interference angles ϕ = 0, π 2 , π, 3π 2 (rad) as shown in Fig. 5(a) .
The variation of the phase offset value with θ at each interference angle is shown in Fig. 5(b) . It can be seen that the phase offset does not significantly change with θ at any interference angle. Therefore, it can be concluded that there is no significant relationship between θ and the phase interference between the tags.
Since the distance D from the interfered tag to the antenna, as well as the antenna angle θ, are not significantly related to the phase interference between tags, it is a reasonable conjecture that phase interference between tags is not related to the reader antenna based on the experimental results. Therefore, we can only focus on the position relationship between two tags in the tag array, that is, how the interference angle ϕ and the tag spacing d affect the phase interference. Considering that the phase offset values are significantly different under different interference angles, there is a certain relationship between ϕ, d and the phase interference. 
3) RELATIONSHIP TO d AND ϕ
Assuming that the phase offset value of T 1 due to the interference of T 2 is related to the tag spacing d. Place a set of ALIEN 9654 tag arrays on the X-axis and a reader antenna at the origin of coordinates, keep D and θ constant(D = 1m, θ = 0 • ), then gradually move T 2 away from T 1 and record the phase change of T 1 when d increases.
Record the phase change of T 1 under ϕ = 0(rad), and find that the measured phase value has a significant change with the increase of d. To accurately obtain the relationship between d and the phase interference, the following experiments are designed: T 2 moves from d = 0.03m, then gradually moves away from T 1 by 0.01 m each step under 16 different interference angles ϕ, as shown in Fig. 6(a) . To clearly show the relationship among ϕ, d and the phase offset value caused by phase interference between tags, a three-dimensional diagram based on the measured data is shown in Fig. 8 (x-axis is the interference angle, y-axis is the tag spacing, and z-axis is the phase offset value).
The experimental results show that the phase offset caused by phase interference is related to both ϕ and d, which are the main influence factors of phase interference. 
C. PHASE INTERFERENCE MODEL
As the tag spacing d increases, concluded from the above result analysis, the phase offset value of T 1 oscillates up and down around 0 and gradually approaches to 0, while the oscillating frequency changes with the interference angle ϕ. When the tag spacing is constant, the phase offset value on the left side of ϕ and that on the right side are substantially symmetrical. This law can be described by a multiplication of a trigonometric function and an exponential function. To accurately describe the effect of d and ϕ on the phase offset φ, by fitting the experimental data and repeatedly adjusting the model, the mathematical model is obtained as follow:
The parameter values are shown in Table 1 . The threedimensional diagram of the mathematical model is shown in Fig. 9 , which is almost similar to the measurement model established by experimental data. Using the experimental data for error analysis, the Root Mean Squared Error(RMSE) of the phase offset value calculated by the model is 0.0659, which is in good agreement with the measured data. Therefore, the proposed model can accurately describe the phase offset caused by the phase interference between tags in DTA.
D. PHASE INTERFERENCE MODEL IN ANOTHER DTA FORM
The phase interference model proposed above is able to quantitatively describe the phase interference of the auxiliary tag to the target tag in DTA, which, however, is not suitable for describing the phase interference of the target tag to the auxiliary tag, due to the asymmetric shape of the tag. Therefore, the phase interference between tags in another DTA form should be studied. The form of another DTA is shown in Fig. 10 .
Considering the auxiliary tag and target tag in the new form of DTA as the interference tag and interfered tag, respectively, experiments are performed with exactly the same procedure. Similar three-dimensional diagram can be obtained from the new experimental data, as shown in Fig. 11 .
Experimental results show that the basic laws of phase interference between tags are basically the same as the previous subsection, except the magnitude of phase offset. Therefore, the same phase interference model is implemented in the form of Eq. (3) with the parameters shown in Table 2 . The three-dimensional diagram of the mathematical model is shown in Fig. 12 . The RMSE of the model is 0.06608, which is in good agreement with the measured data and proves that proposed model can accurately describe the phase offset caused by the phase interference in the second form of DTA.
The phase interference models with two different model parameters can be expressed as φ 1 (d, ϕ) and φ 2 (d, ϕ), respectively. Assuming that the auxiliary tag is regarded as the interfered tag and the target tag as the interference tag, the position relation actually conforms to the second form of DTA, using the phase interference model with the second parameter.
According to the phase interference model with two different model parameters, the phase interference between the target tag and auxiliary tag is quantified and would be used to correct the measured phase in DTA positioning algorithm described in the next section.
IV. POSITIONING ALGORITHM A. HYPERBOLIC POSITIONING 1) TRIANGULAR CONSTRAINT
The main aid of additional auxiliary tags is to solve the phase ambiguity. Similar to multiple antennas algorithm, DTA uses multiple tags to eliminate the uncertainty in the phase value. Assuming that the distance between T 1 and the antenna is d 1 and that between T 2 and the antenna is d 2 , and the measured phases of the two tags are 1 and 2 , respectively. According to Eq. (2), a set of equations can be obtained:
where φ TX and φ RX are the phase errors caused by reader's transmitter and receiver, respectively. Since the measured phase of the two tags are obtained from the same antenna, φ TX 1 = φ TX 2 and φ RX 1 = φ RX 2 . The tags phase errors (φ TAG1 and φ TAG2 ) caused by themselves should be eliminated by using tags of similar measured phase at the same location. Subtracting above equations:
is the measured PD between two tags. Thus the distance limitation is converted to the limitation of the distance difference d. Considering | d| < λ/4 and ignoring ρ related to the reader and the tag characteristics, from Eq. (5), the real PD between the two tags satisfies:
Since the range of the measured phase reported by the reader is within the range of (−π, π), the measured PD VOLUME 7, 2019 FIGURE 13. Triangular constraint.
FIGURE 14. Virtual antenna.
is within the range of (−2π, 2π ). Therefore, the value of k satisfies:
According to Eq. (7), the uncertainty of k is eliminated, that is, the phase ambiguity can be eliminated by limiting the distance difference d. This limitation can be further converted to the limitation of the tag spacing d by triangular constraint, as shown in Fig. 13 .
According to the triangular constraint, the tag spacing d >
is satisfied. Thus d from the measured PD of the two tags in DTA is obtained as:
The distance from the tag array to the antenna can't be obtained by triangular constrain. According to the hyperbole characteristics, the absolute value of the distance difference from the two focal points to any point on the hyperbola is constant, that is, the distance difference d can limit the position of the tag to a hyperbola. Since d can be obtained from the measured PD θ according to Eq. (8), the next work is to complete the construction of the hyperbola.
According to the definition of DTA, the tag spacing d is fixed during the positioning process. Assuming that the deflection angle σ of DTA is also known, a virtual antenna vA, which is corresponding to the real antenna A, is constructed and make sure that the distance between vA and T 1 is equal to the distance between T 2 and A, as shown in Fig. 14. The distance difference from the two antennas to T 1 is equal to the distance difference from the two tags to A:
The coordinates of the virtual antenna vA are (
Thus the coordinates of the midpoint of the line connecting vA and A are:
Rotate the coordinate system counterclockwise by an angle σ , then the point with coordinate (x, y) in the original coordinate system will have coordinates (x , y ) = (x cos σ + y sin σ, −x sin σ + y cos σ ) in the rotated coordinate system. Hyperbolic construction is performed in the rotated coordinate system. Taking vA and A as the focal points of the hyperbola, the hyperbola is constructed as shown in Fig. 15 and the hyperbolic equation in the rotated coordinate system can be expressed as:
According to the mapping relationship between points in the original coordinate system and those in the rotated coordinate system, the hyperbolic equation in the original coordinate system can be expressed as:
where
If multiple antennas are deployed in the positioning scene, a hyperbola for each antenna can be constructed to form a set of hyperbola equations from Eq. (7). Theoretically, the solution of hyperbola equations is the positioning result of the target tag.
3) OBJECTIVE FUNCTION CONSTRUCTION
Due to the deflection angle, it is not easy to obtain the solution of hyperbolic equations. In fact, the multiple hyperbolas would not intersect at the same point because of the noise. In order to simplify the solving process, an optimization model was correspondingly constructed to find the point from which the sum of distances to hyperbolas obtained by M antennas is minimal. According to the characteristics of the hyperbola, the objective function is obtained as: (14) where (x, y) and (x Ai , y Ai ) are the coordinates of the target and antenna, respectively. Besides, σ and d i are the deflection angle and distance difference obtained by the antenna, respectively. The optimization target is to find the combination of (x, y, σ ) that minimizes the objective function to determine the location of DTA, which can be implemented by the genetic algorithm.
4) GENETIC ALGORITHM
The algorithm flow of Genetic algorithm is as follows: 1) Initialization: Set the individuals number in the population, the maximum genetic algebra and the length of the chromosome. Limit the optimization scope and create a random initial population. The chromosome coding method is binary code. 2) Fitness value assignment: Sort the population based on the individual objective function value and assign the fitness value. For the linear sorting, its fitness value is calculated as:
where N is the individuals number, p is the position of the individual in the ordered population, and s p is the selective pressure. 3) Selection: Select some of the chromosomes in the population to produce the next generation. The selection probability is proportional to its fitness value and all the selected individuals form a subpopulation. 4) Crossover: Individuals in the selected chromosome populations are combined in pairs according to the parity of serial numbers, which is a single-point crossover determined by the crossover probability. 5) Mutation: Mutation is the reversal of genes. The positions of genes needing mutation are determined by the mutation probability. 6) Reinsertion: Reinsert the mutated subpopulations into the original population to restore the number of individuals in the population and obtain a new generation of population. Calculate the objective function value and find the optimal individual in this generation. 7) Iteration: If the current iterative number is less than the maximum, return 2 and continue the iteration, otherwise exit the loop. When the iteration is completed, fine the optimal individual, which is decoded to obtain the optimal (x, y, σ ).
B. CORRECT THE MEASURED PD
From Eq. (3), the target position and the tag array are needed to calculate the phase offset, which are unknown. Thus the interference analysis is added to the tag array individual generated, which contains three parameters to be optimized: abscissa, ordinate, and deflection angle, (x, y, σ ). The correction process is as follows. According to the definition in section III, the phase offset of the target tag is φ 1 (d, ϕ) and the interference angle ϕ depends on the positions of the antenna and two tags. M antennas in the positioning scene correspond to M interference angles. The proposed experimental scene is rectangular with M = 4, where four antennas placed in the corners of the scene and the coordinates of the four antennas are (0, Yr), (Xr, 0), (0, 0) and (Xr, Yr), respectively. ϕ can be calculated by:
Subtract 2π if ϕ > 2π and add 2π while ϕ < 0. The coordinates of the auxiliary tag: (x A , y A ) = (x + d cos σ, y + d sin σ ). Considering the definition of the deflection angle, another deflection angle can be calculated:
Considering the interference angle of the auxiliary tag is ϕ A , the phase offset of the auxiliary tag is φ 2 (d, ϕ A ). ϕ A is the same as ϕ:
Subtract 2π if ϕ A > 2π and add 2π while ϕ A < 0.
Assuming that the measured phase value of the target tag and auxiliary tag are 1 and 2 , respectively, the corrected PD of DTA after eliminating the phase offset caused by the interference between tags is obtained as:
According to the above equation, the corrected PD can be calculated from the measured PD and the two phase offset values. Then according to Eq. (8) the distance difference can be calculated as:
The objective function in the genetic algorithm is modified to:
Because the measured PD is closer to the theoretical PD by the correction, the positioning result would be more accurate, which is verified by the experiment results.
V. EXPERIMENT RESULTS
The experiments are carried out in a 12.8 * 13.6m 2 laboratory with Impinj R420 UHF RFID Reader and ALIEN 9654 tags. Four circularly polarized panel antennas were deployed in the corner of the 2.4 * 2.4m 2 rectangular positioning scene, as shown in Fig. 16 , which can ensure the coverage of each area in the rectangular scene. The positions of these antennas are not fixed and can be adjusted according to the positioning scene. All the RFID tags are attached to the paper triangular prisms.
Similar to [19] , the phase value measured by Impinj R420 reader was always obtained by = 2π − , Thus the experiment considers 2π − as . Besides, to determine some of the variables, several detailed benchmarks are established.
A. BENCHMARKS 1) TAG SPACING
Randomly select 36 points in the scene to place the DTA. The tag spacing d is sequentially set to 0.03m, 0.04m, 0.05m, 0.06m and 0.07m to satisfy d < λ/4 and the deflection angle is fixed. Fig. 17 shows the average positioning error with different d. The positioning error is minimal at d = 0.05m. Thus d is set to 0.05m in the following experiments. Besides, the phase ambiguity cannot be completely eliminated by the triangular constraints when the spacing is 0.06m and 0.07m, resulting in large positioning errors. The reason is that some measured PDs are larger than the theoretical value because of the phase interference. Thus it needs to strictly limit the tag spacing to the computed result.
2) DEFLECTION ANGLE
The tag array rotates on the target tag when the deflection angle ϕ ranges from 0 to 3/2 * π . Fig. 18 shows the average positioning error with different ϕ. ϕ has little effect on the positioning accuracy. Thus ϕ is nonspecific.
3) FREQUENCY
The default operating frequency band is 920.625MHz-924.375MHz, which is the legal band in China. To evaluate the effect of frequency on positioning accuracy, the frequency is sequentially set to be 920.625MHz, 921.875MHz, 923.125MHz and 924.375MHz. As shown in Fig. 19 , the average positioning errors at different frequencies are almost equal, and the frequency is set to be 920.625MHz in the following experiments. phase based, obtains positioning result by hyperbola construction and eliminates phase ambiguity by multiple antennas on a parallel line. The proposed algorithm is compared with Landmarc and BackPos. Randomly select 36 points in the positioning area to place the target tag and then verify three algorithms with 10 times. Fig. 20 shows the cumulative distribution function(CDF) of positioning error among three positioning algorithms.
The accuracy of Landmarc is significantly worse than the two phase based positioning algorithm. Its average positioning error is 0.5843m and 80% of the errors are less than 0.7635m. BackPos is limited by the antennas placement mode and the restricted feasible area. Its average positioning error is 0.3401m and 80% are less than 0.6211m. The proposed algorithm achieves the best positioning accuracy of 0.2217m and 80% are less than 0.3479m.
As shown in Fig. 21 , the average positioning error is 0.4403m, and 80% are less than 0.5921m without phase correction, which is obviously increased. The experiment verifies that the phase interference between tags leads to a large positioning error, which can be effectively eliminated by the proposed measured phase correction based on the phase interference model. 
VI. CONCLUSION
In this paper, a phase difference based UHF RFID positioning system with DTA is proposed to achieve high positioning accuracy. The operating principle, system implementation and experimental results have been described in details. Particular attention has been paid to decreasing phase ambiguity by DTA. Besides, a mathematical model that quantify the phase interference between tags is proposed. Finally a hyperbolic positioning algorithm is implemented to eliminate the phase interference between tags based on the model, and combines the genetic algorithm to improve the positioning accuracy and simplify the solving process. Experimental results show that proposed positioning system with interference model based on DTA obtains the better positioning accuracy to 0.2217m, compared with other systems.
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